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Abstract: It is important to determine the volumetric change properties of hydrate reservoirs in the
process of exploitation. The Skempton pore pressure coefficient A can characterize the process of
volume change of hydrate-bearing sediments under undrained conditions during shearing. However,
the interrelationship between A value responses and deformation behaviors remain elusive. In this
study, effects of hydrate saturation and effective confining pressure on the characteristics of pore
pressure coefficient A are explored systematically based on published triaxial undrained compression
test data of hydrate-bearing sand and clay-silt sediments. Results show that there is a higher value of
the coefficient A with increasing hydrate saturation at small strain stage during shearing. This effect
becomes more obvious when the effective confining pressure increases for hydrate-bearing sand
sediments rather than hydrate-bearing clayey-silt sediments. An increasing hydrate saturation leads
to a reduction in A values at failure. Although A values at failure of sand sediments increase with
increasing effective confining pressure, there are no same monotonic effects on clayey-silt specimens.
A values of hydrate-bearing sand sediments firstly go beyond 1/3 and then become lower than 1/3
at failure even lower than 0, while that of hydrate-bearing clayey-silt sediments is always larger
than 1/3 when the effective confining pressure is high (e.g., >1 MPa). However, when the effective
confining pressure is small (e.g., 100 kPa), that behaves similar to hydrate-bearing sand sediments
but always bigger than 0. How the A value changes with hydrate saturation and effective confining
pressure is inherently controlled by the alternation of effective mean stress.

Keywords: hydrate-bearing sediments; undrained conditions; pore pressure coefficient; volume
change; stress path

1. Introduction

Natural gas hydrates have drawn an increasing interest in recent years as a poten-
tial energy source due to the wide distribution and vast reserve around the world [1].
Depressurization based methods are generally accepted for natural gas extraction from
hydrate reservoirs [2,3]. During the extraction, hydrate dissociation will reduce the sta-
bility of wellbore and its surrounding reservoirs due to excess pore pressure generation
which would reduce the effective stress [4,5]. In order to ensure the mechanical stability
of the reservoir during the exploitation, it is important to determine various mechanical
properties of hydrate-bearing sediments [6]. Examples include permeability coefficients,
strength parameters, and volumetric change behaviors. A series of geotechnical tests have
been carried out, and the results show that geomechanical properties (i.e., shear strength,
stiffness and dilatancy) of hydrate-bearing sediments are largely controlled by the hydrate
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saturation and hydrate pore habits, such as pore-filling, load-bearing, and cementation [7,8].
Based on these basic understandings, different geomechanical constitutive models have
been developed to predict the mechanical response of hydrate-bearing sediments during
numerical simulations of hydrate production [9,10].

Deformation of marine deposits is inherently dependent on the effective stress ap-
plied to the skeleton. However, it is difficult to directly measure the effective stress in the
field, and indirect determination based on the response of pore pressure within deposits is
widely used. Increasing pore pressure indicates dilation of sediments, while decreasing
pore pressure indicates contrary of sediments. Both dilation and contrary are key volumet-
ric behaviors regarding to the stability of submarine engineering facilities [11]. Especially,
deformation induced by consolidation along with excess pore pressure dissipation will
become much more obvious under the condition of long-term productions (i.e., commer-
cial production) [12]. Volumetric behaviors of hydrate-bearing sediments are commonly
characterized by using volumetric strains (i.e., dilatancy rate D used in drained triaxial
compression tests [13]). However, volumetric strains cannot be measured during undrained
shear tests in the laboratory since the total volume of saturated samples is regard as con-
stant. In addition, volumetric strains are also difficult to obtain in practical engineering due
to the lack of proper facilities and technologies [14,15]. Hence, an easy-to-use method is
needed to characterize the process of volume change of hydrate-bearing sediments during
hydrate production.

Pore pressure coefficients A and B defined by Skempton [16] are widely used to estimate
the pore pressure response resulting from total stress changes. Coefficient A depicts the
pore pressure growth during the application of a deviator stress, and coefficient B describes
the pore pressure growth induced by the application of a confining pressure [17,18]. These
two pore pressure coefficients can be used to determine the effective stress according to the
principle of effective stress [19]. Moreover, the coefficient A can also be used to directly
quantify the consolidation volumetric response in classical Terzaghi’s problem of hydrate-
bearing sediments [20,21] and determine the in-situ undrained shear strength [22]. If a
saturated sample behaves as an elastic and isotropic material, A value equals to 1/3 invariably.
However, coefficient A is not a constant, and it depends on the change in effective stress
paths associated with the deformation behavior during shearing [18]. In addition, A value
greater than 1/3 refers to contractive deformations, while A value less than 1/3 represents
dilative deformations [23,24]. Thus, coefficient A could describe the process of volumetric
response related to changes in the stress state, which plays an important role in assessing
the long-term potential risks and evaluating the mechanical response of hydrate-bearing
sediments reservoirs under undrained conditions during natural gas production.

To the best of our knowledge, only few studies involved pore pressure coefficients of
hydrate-bearing sediments till now. Yun et al. [25] used the pore pressure coefficient A at
failure to determine the maximum shear stress of specimens in a triaxial compression test.
On the other hand, many studies have focused on the pore pressure response of sediments
through the undrained triaxial compression tests [26,27]. The pore pressure response
on methane hydrate-bearing sand sediments is different from silty sediments during
undrained tests in which sand sediments exhibited a negative pore pressure response,
while the silty sediments had a positive response representing that the pore pressure
response during shear is predominantly carried by the host sediment grain size [28,29].
Ghiassian and Grozic [30] presented that the pore pressure response of the hydrate-bearing
samples is influenced by effective confining pressure and hydrate saturation. Therefore, the
effects of hydrate saturation and effective confining pressure are expected to be critical to
understanding the A value response in two different host sediments. However, systematic
studies with respect to the relationship between the characteristics of coefficient A response
and deformation behavior of hydrate-bearing sediments remain insufficient.

This paper mainly aims to investigate the interrelationship between the characteris-
tics of pore pressure coefficient A and the process of volume change in hydrate-bearing
sediments. Published triaxial undrained test data are used to calculate the pore pressure
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coefficient A of two different hydrate-bearing sediments [27,31]. Effects of the hydrate
saturation and the effective confining pressure on the A value response are explored system-
atically. Differences in the A value response between hydrate-bearing sandy and clayey-silt
sediments are analyzed. The results have a potential to support the analysis of the defor-
mation characteristics of hydrate-bearing sediments under undrained conditions and the
calibration of constitutive models used in simulating the pore pressure response generated
by total stress boundaries (i.e., classical Terzaghi’s problem [20]).

2. Pore Pressure Coefficients

Skempton [16] gives the definition of the change in pore pressure ∆u as a result of a
change in total stress using pore pressure coefficients A and B by the Equation (1):

∆u = B[∆σ3 + A(∆σ1 − ∆σ3)] (1)

where ∆σ1 and ∆σ3 are increments of major and minor total principal stresses, respectively.
The pore pressure coefficient B is defined as Equation (2):

B =
∆u
∆σ3

(2)

For saturated soils, where B ≈ 1, the Equation (1) can be written as Equation (3):

A =
∆u

∆(σ1 − σ3)
(3)

The A value at failure (A f ) is defined as Equation (4):

A f =
∆u f

∆(σ1 − σ3) f
(4)

Equations (3) and (4) are defined as a secant type coefficient where is difference from
initial value, and a tangent type can be defined as Equation (5):

A′ =
du

d(σ1 − σ3)
(5)

where d indicates an infinitesimal increase at a point. In this paper, A refers to a secant type
in accordance with a state from an initial value to a final value, while A′ corresponds to a
tangent type reflecting an instantaneous change tendency at a point, and all the mentioned
pore pressure coefficient is the secant type unless otherwise stated.

In a triaxial test (σ′2 = σ′3), p′ and q are the mean effective stress and the deviatoric
stress, respectively, where p′ =

(
σ′1 + 2σ′3

)
/3, q = σ1 − σ3 and the stress ratio η = q/p′.

Thus, if B ≈ 1 is accepted, the Equation (1) can be rewritten as Equation (6) in terms of the
effective stress principle (∆p′ = ∆p − ∆u):

∆u = ∆p +

(
A− 1

3

)
∆q (6)

the first term on the right side of the equation reflects the change in pore pressure induced
by ∆p and the second term caused by ∆q. According to Equation (6), if a saturated soil
behaves as an elastic, isotropic material, the pore pressure coefficient A is equal to 1/3
revealing that ∆u is only accordance in ∆p rather than ∆q, however, ∆u actually depends
on the different stress states leading to the coefficient A being not a constant [32]. To further
explain the relationship between A values and the stress state, the Equation (6) can be
rearranged to Equation (7):

A =
1
3
− ∆p′

∆q
(7)

the change in A value is associated with the sign of ∆p′ in which ∆q is assumed to increase
monotonically during loading applied. Figure 1 shows the direction of different A values
in q − p′ plane. As shown in Figure 1, if the ∆p′ is negative, the A value will develop
towards greater than 1/3 while a positive ∆p′ is linked to a tendency towards less than 1/3.
Moreover, the change in ∆p′ can be characterized by effective stress path which represents
the process of deformation behavior of soils during shearing in q − p′ plane. The pore pres-
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sure coefficient A is thus considered to be relative to the volume change in hydrate-bearing
sediments. In this paper, the main research objective is to investigate the interrelationship
between the pore pressure coefficient A response and the process of volumetric change in
hydrate-bearing sediments both associated with changes in p′, and further discussion is
carried out in the following sections.

Figure 1. The direction of different A values: (1) A = 1/3 relative to elastic deformation; (2) A > 1/3
relative to compression; (3) A < 1/3 relative to dilatancy.

3. Experiment

Iwai et al. [31] and Wang et al. [27] have conducted a series of undrained triaxial
compression tests on synthetized CO2 hydrate-bearing sand specimens and methane
hydrate-bearing clayey-silt specimens, respectively. The selected experimental data simu-
lated the typical in-situ submarine hydrate deposit conditions in which the target deposit
is at a depth of 100–300 m beneath the seabed surface and both presented the detailed test
results involving the response in excess pore pressure related to corresponding deviatoric
stress. These previous data are reused to calculate the pore pressure coefficient A through
Equation (3) and further analyze the A values response in hydrate-bearing sediments. The
Failure of specimens is defined as maximum deviatoric stress attained or the deviatoric
stress at 15% axial strain, whichever is obtained first during a test. Table 1 lists the detailed
test conditions and results, and more details of testing apparatus and procedures have
been presented by Iwai et al. [31] and Wang et al. [27]. Note that the experimental data of
CO2 hydrate-bearing sand specimens at P′0 = 2 MPa with Sh ranged from 27.8% to 56.9%
are not used to compare with that of clayey-silt specimens which lacked corresponding
hydrate saturations.

Admittedly, CO2 hydrate is more difficult to be destructed in sediments during the
shear process resulting in a slightly higher stiffness and shear strength as well as a smaller
volumetric deformation which will lead to a relatively small value of coefficient A compared
to methane hydrate-bearing sediments. However, effects of hydrate saturation and effective
confining pressure on CO2 hydrate bearing sediments are similar to that on methane
hydrate-bearing sediments [33].
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Table 1. Test conditions and results of undrained triaxial compression tests on different hydrate-
bearing sediments. (Note. T: temperature, P. P.: pore pressure, e0: initial void ratio, Sh: hydrate
saturation, P′0: initial effective confining pressure, A f : pore pressure coefficient A at failure, Amax:
maximum value of coefficient A).

Sample Type T (◦C) P. P. (MPa) e0 Sh (%) P
′
0(MPa) Amax Af

Sand [31]

1 10 0.74 0.00 1 0.52 −0.23
1 10 0.76 34.6 1 0.4 −0.28
1 10 0.72 0.00 2 0.65 0.03
1 10 0.74 25.8 2 0.63 −0.04
1 10 0.73 27.8 2 0.57 −0.03
1 10 0.74 36.3 2 0.52 −0.07
1 10 0.74 42.2 2 0.52 −0.09
1 10 0.74 56.9 2 0.55 −0.1
1 10 0.72 0.00 3 0.42 0.23
1 10 0.73 28.5 3 0.52 0.08

Clayey-silt [27]

8 12 0.80 0.00 1 0.8 0.77
8 12 0.80 20.0 1 0.74 0.69
8 12 0.81 28.7 1 0.7 0.65
8 12 0.84 0.00 2 0.8 0.8
8 12 0.81 19.4 2 0.68 0.67
8 12 0.81 30.4 2 0.64 0.61
8 12 0.83 0.00 3 0.83 0.82
8 12 0.82 18.8 3 0.69 0.69
8 12 0.82 29.8 3 0.63 0.63

4. Results
4.1. Effect of Hydrate Saturation

The effect of hydrate saturation on A value and stress ratio η of sand sediments under
different effective confining pressures are shown in Figure 2. In Figure 2a,b, A values
of hydrate-bearing sand specimens are always less than that of hydrate-free, while in
Figure 2c, the curve of hydrate-bearing specimens exceeds that of hydrate-free only at small
strain stage which will be further discussed in Section 5.1. All the A f values with hydrate
are lower than that without hydrate. It is obviously observed that the A f value changes
positive (0.03) to negative (−0.04) at P′0 = 2 MPa. As shown in Figure 2d–f, the stress
ratio η with hydrate is greater than that without hydrate, however, all the stress ratios at
failure η f reach the same critical state stress ratio Mcs. Moreover, η with hydrate exhibits an
apparent strain-softening behavior compared with hydrate-free. Especially at P′0 = 3 MPa,
the η with Sh = 0% constantly increases to Mcs, but that of specimen with Sh = 28.5%
reaches to the maximum stress ratio ηmax and drops to Mcs.

The effect of hydrate saturation on A value and stress ratio η of clayey-silt sedi-
ments under different effective confining pressures are shown in Figure 3. As shown in
Figure 3a–c, A values increase as the strain increases and remain unchanged or decreases
slightly until failure in which A f is approximately equal to Amax. The A f values decrease
with increasing hydrate saturation, such as the A f values are 0.8, 0.67 and 0.61 with hydrate
saturation of 0%, 19.4% and 30.4%, respectively at P′0 = 2MPa. As shown in Figure 3d–f,
the η shows strain-hardening behavior, which is almost the same at failure regardless of
hydrate saturations.

The A f values of sand and clayey-silt sediments decrease with the increasing hydrate
saturation as result of the existence of hydrate enhancing both the stiffness and the dilatancy
behavior of host sediments leading to the failure deviatoric stress q f increasing and the
failure pore pressure u f decreasing during undrained tests [34].
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Figure 2. Effect of hydrate saturation on A value of sand sediments at (a) P′0 = 1 MPa,
(b) P′0 = 2 MPa, (c) P′0 = 3 MPa, and effect of hydrate saturation on stress ratio η of sand
sediments at (d) P′0 = 1 MPa, (e) P′0 = 2 MPa, (f) P′0 = 3 MPa.

Figure 3. Effect of hydrate saturation on A value of clayey-silt sediments at (a) P′0 = 1 MPa,
(b) P′0 = 2 MPa, (c) P′0 = 3 MPa, and effect of hydrate saturation on stress ratio η of clayey-silt
sediments at (d) P′0 = 1 MPa, (e) P′0 = 2 MPa, (f) P′0 = 3 MPa.
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4.2. Effect of Effective Confining Pressure

The effect of effective confining pressure on A value and stress ratio η of sand sedi-
ments with different hydrate saturations are shown in Figure 4. The effective confining
pressure has complex influences on the different sediments with or without hydrate. As
shown in Figure 4a,b, the A value response obviously shows post-peak behavior, however,
the A f values increase with increasing effective confining pressure. The curves of A values
at P′0 = 3 MPa with different hydrate saturations are relatively flat in which the difference
between A f and Amax is smaller than that at P′0 = 1 MPa and 2 MPa. This will be further
discussed in Section 5.1. As shown in Figure 4c,d, the peak stress ratios without hydrate
are greater than Mcs at P′0 = 1 MPa and P′0 = 2 MPa except P′0 = 3 MPa, while all the
peak stress ratios with hydrate are greater than Mcs.

Figure 4. Effect of effective confining pressure on A value of sand sediments with (a) Sh = 0%,
(b) Sh ≈ 30%, and effect of effective confining pressure on stress ratio η of sand sediments with
(c) Sh = 0%, (d) Sh ≈ 30%.

The effect of effective confining pressure on A value and stress ratio η of clayey-silt
sediments with different hydrate saturations are shown in Figure 5. As shown in Figure 5a,
the A f values increase with increasing effective confining pressure, while in Figure 5b,c,
that is almost the same. In Figure 5d–f, the η f decreases with increasing confining pressure
without reaching an equal value.

The A f values of sand sediments with different hydrate saturations and clayey-silt
sediments without hydrate increase with increasing effective confining pressure, while that
of hydrate-bearing clayey-silt sediments does not change due to that although q f increase
with increasing effective confining pressure and increasing hydrate saturation, u f is affected
by the combined effect of effective confining pressure and hydrate saturation [35].
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Figure 5. Effect of effective confining pressure on A value of clayey-silty sediments with (a) Sh = 0%,
(b) Sh ≈ 20%, (c) Sh ≈ 30%, and effect of effective confining pressure on stress ratio η of clayey-silty
sediments with (d) Sh = 0%, (e) Sh ≈ 20%, (f) Sh ≈ 30%.

5. Discussion
5.1. Combined Effect of Hydrate Saturation and Effective Confining Pressure on Mechanical
Response of the Hydrate-Bearing Sediments

In order to provide further illustration into the combined effect of the hydrate satura-
tion and effective confining pressure, DA is defined as the difference between A f and Amax
of specimens as shown in Equation (8):

DA = Amax − A f (8)

DA values of sand sediments under different effective confining pressures against the
hydrate saturation are plotted in Figure 6. Highlighting the DA value at P′0 = 3 MPa signif-
icantly increase with increasing hydrate saturation while there is little difference between
the cases at P′0 = 1 MPa and 2 MPa and the Amax value with hydrate at P′0 = 3 MPa
becomes larger than that without hydrate shown in Figure 2c. These results infer that
the presence of hydrates in pores would hinder the consolidation of the hydrate-bearing
sediments making it relatively facilitated to be compressed further at small strain level
during shearing. This phenomenon is more pronounced with increasing effective confining
pressure [36]. Meanwhile, all the A f values decrease with the increase in hydrate saturation
implicating that the hydrate in the sand sediments will work as additional small particles
during shearing leading to a greater dilatancy behavior at the ultimate state [26]. As shown
in Figure 4a,b, a positive A value response illustrates the contraction always greater than
the dilatancy in sand specimens before the peak pore pressure. The increase in effective
confining pressure might have a more obvious effect on dilatancy behavior firstly in which
the Amax value of sand specimens at P′0 = 2 MPa is greater than that at P′0 = 1 MPa,
however, the deformation of pore structure is further restricted under higher effective
confining pressure resulting in a significant reduction in Amax and A f at P′0 = 3 MPa.
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These explain that that DA values decrease with the increase in effective confining pressure
seen in Figure 6 mainly resulting from the high effective confining pressure would constrict
both the contractive and dilative deformation of sand sediments.

Figure 6. DA value versus Sh of sand sediments.

Although the DA values of clayey-silt specimens almost zero, the curve with Sh ≈ 30%
is above that with Sh ≈ 20% at the small strain stage as shown in Figure 3b which is
not consistent with Figure 3a,c. There may have the same hindrance to consolidation of
hydrate-bearing clayey-silt sediments [37]. However, test results about the effect of this
hindrance on the mechanical response of hydrate-bearing sediments are still insufficient
which needs to carry out further experiments.

5.2. Comparison of Different Types of Host Sediments

The stress ratio η versus pore pressure coefficient A relationship curves of different
hydrate-bearing sediments with various hydrate saturations are plotted in Figure 7. The η f
values of sand sediments are the same with A f values less than 1/3, whereas the η f values
of clayey-silt sediments are different with A f values greater than 1/3.

In undrained tests, the ultimate state of sand sediments is the critical state so that its
η f is equal to Mcs. Although the η f of clayey-silt sediment could be obtained in the test at
strain of 15%, the critical state does not appear even for an axial strain of 35% due to the fact
that the clayey-silt samples are well-graded [27,38]. However, Smith et al. [39] has reported
that the ultimate state of hydrate-free clayey-silt sediments is critical state at P′0 = 100 kPa
with particle-size distribution of experimental specimens approximately same as that of
South China Sea sediments [27], and the η with hydrate tends to behave as strain-softening.

To further explain the differences between sand and clayey-silt sediments, typical
effective stress paths of different sediments in q− p′ plane are plotted in Figure 8. The solid
line is the effective stress path of hydrate-bearing sediments, the dash line is the effective
stress path of hydrate-free sediments, the dot-dash line is the total stress path, the dot line is
the critical state line (CSL), the double-dot-dash line is the failure line (FL), and the square
point is the failure point.

In critical state soil mechanics, the critical state line in q − p′ plane is defined as
Equation (9) [40,41]:

q = Mcs p′ (9)
where Mcs is the slope of CSL.

The failure line based on the Mohr–Coulomb failure criterion in q − p′ plane is
defined as Equation (10) [37]:

q = Mp′ + d (10)
where M and d are the slope and intercept of FL.
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Figure 7. Stress ratio η versus A value relationship of sand sediments with (a) Sh = 0%,
(b) Sh ≈ 30%, and stress ratio η versus A value relationship of clayey-silty sediments with
(c) Sh = 0%, (d) Sh ≈ 30%.

Figure 8. Typical stress paths of different sediments in q− p′ plane. (a) sand sediments, (b) clayey-
silt sediments.

The slope of the total stress path is 3. O1 and O2 represent beginning points of
stress paths with low and high initial effective confining pressure, respectively. The ∆u is
represented by the horizontal distance between the total stress path and the effective stress
path. The horizontal distance from the failure point to the total stress path is the failure
excess pore pressure ∆u f .

The development of different effective stress paths is dependent on the process of
volume change in different sediments. In Figure 8a, the effective stress path of hydrate-free
sand sediment exceeds its critical state line under low confining pressure rather than high
confining pressure, while that of hydrate-bearing sediments always exceeds the critical
state line representing that a volumetric expansion occurs under low confining pressure and
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a volumetric compression appears under high confining pressure in sand sediments [42,43],
however, the enhancement of dilation due to the presence of hydrate is significant even
under high effective confining pressure [44]. In Figure 8b, the effective stress paths of
clayey-silt sediment are more complex. Under the high effective confining pressure, the
path with or without hydrate both could not reach the critical state ending on the failure
line. Highlighting failure lines are not unique in which slopes are approximately the same,
whereas the intercept increases with the increase in hydrate saturations [37]. In contrast,
under the low effective confining pressure, only the specimens without hydrate can reach
the critical state line, while the path with hydrate exceeds the critical state line and tends to
end up before reaching critical state line due to strain localization that shear bands or other
kinds of non-uniform deformation occur before the critical state is reached [39]. It seems to
illustrate that for clayey-silt sediments, dilation occurs only under low confining pressure
rather than high confining pressure reflecting that the influence of hydrates depends on the
effective confining pressure. However, more experimental data under undrained conditions
would be needed to further investigate this phenomenon.

The combined effects of the hydrate saturation and the effective confining pressure on
the pore pressure response works through affecting the ∆p′. It can be seen that at the stage
of effective stress paths moving along the opposite direction of p′ axis, a smaller absolute
value of |∆p′| in hydrate-bearing specimens representing a relative increase in p′ compared
to specimens without hydrate as a result of the deformation of pore structures limited by
the support of hydrates leading to a reduction in ∆u. Hydrate-bearing sediments are thus
able to withstand more stresses in which the effective stress path exceeds its critical state
line until the restraint of hydrate on the soil skeleton is invalidated by the increase in q
associated with a higher stress path. This indicates that the mode behavior of stress ratio
changing from strain-hardening to strain-softening is mostly induced by hydrate breakage
for sand sediments under high confining pressure and clayey-silt sediments under low
confining pressure.

Additionally, for sand sediments, the pore pressure response first increases caused by
compression corresponding to a consistently reduction in p′, and then a decrease in pore
pressure appears related to a relative increase in p′ indicating a volumetric expansion due
to the fact that sand particles tend to slide, rotate, or turn over around particles [13,42].
However, since the clayey-silt sediments are well-graded, it is difficult for particles to roll
across others due to cohesion resulting in a constantly contractive deformation during
shearing [27,38].

Briefly, differences in the development of effective stress paths of different sediments
indicate that the deformation behavior will lead to the change in p′ values due to the
pore pressure response. Therefore, the pore pressure response could reflect the process of
volume change in different hydrate-bearing sediments during shearing.

5.3. Characteristics of Pore Pressure Coefficient a Response of Different Sediments

Typical characteristics of pore pressure coefficient A response of different sediments
are plotted in Figure 9. As shown in Figure 9a, the A value response of sand sediments
first develops towards the direction of more than 1/3 until reaches the maximum pore
pressure coefficient Amax and then decreases to the failure in which A f is less than 1/3.
The presence of hydrate could lead to a A f value less than zero. As shown in Figure 9b,
the A value response of clayey-silt sediments always moves towards the direction of more
than 1/3 until failure, except cases under low effective confining pressure which is similar
to sand sediments but still greater than 0. Comparing Figures 8 and 9, the change in
pore pressure coefficient A represents the pore pressure response of specimens so that
it can be used to characterize the deformation behavior of hydrate-bearing sediments as
a dimensionless parameter which is independent of effective confining pressure which
the magnitude of pore pressure response varying in. It is then necessary to specifically
examine the relationship between the volume change and pore pressure coefficient of
hydrate-bearing sediments.
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Figure 9. Typical characteristics of pore pressure coefficient A response of different sediments in
q− p′ plane. (a) sand sediments, (b) clayey-silt sediments.

5.4. Comparison of Different Drainage Conditions

Curves of volumetric strain εv versus strain and pore pressure versus axial strain εa
for both dilative and contractive soils are schematically shown in Figure 10 [45]. Under
drained conditions, the point with dεv = 0 was defined as characteristic state (CH) point
by Luong [46], while the point with du = 0 was defined as phase transformation (PT) point
by Ishihara [47]. Chu [45] proved that the PT state was the same as the characteristic state.
For contractive soils, all the points were the same at failure reached the critical state, while
for dilative soils, the PT point was the same as the CH point which both were different
from the critical state.

Figure 10. Schematic presentation of characteristic state point and phase transformation point [45].
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As shown in Figure 11, Wu et al. [13] have proposed that the typical mechanical
characteristics curves for hydrate-bearing sand sediments in triaxial compression tests
under drainage conditions are as follows: the η increases as the axial strain increases
towards CH point at which the η is regarded as the Mcs (η = Mcs). In addition, then
specimen behaves strain-softening with the εv decreasing after the peak stress ratio until
approaching the critical state as the ultimate state.

Figure 11. Typical mechanical characteristics curves for hydrate-bearing sand sediments in triaxial
compression tests under drained conditions [13].

Wu et al. [13] well modelled the aforementioned deformation behavior of hydrate-
bearing sand sediments using dilatancy rate D, which is defined as Equation (11):

D =
dε

p
v

dε
p
q

(11)

where dε
p
v and dε

p
q denote the infinitesimal increments in plastic volumetric and deviatoric

strain, respectively.
The volume change behavior of hydrate-bearing sediments described by pore pressure

coefficient needs to be accordance in that of D in terms of the research results of Chu [45],
however, the A′ value calculated through Equation (5) must be used to compared with
the D value due to its definition. The stress ratio η versus pore pressure coefficient A′

relationship curves of different hydrate-bearing sediments with various hydrate saturations
are plotted in Figure 12. As shown in Figure 12a,b, for the sand sediments, the development
modes of coefficient A′ in the curves reverse once reached the peak stress ratio and then it
returns to the Mcs forming a hysteretic geometry. The η value at the first time with A′ = 0
is close to Mcs (PT point) and at the second time with A′ = 0 is equal to Mcs (Failure point).
As shown in Figure 12c,d, when the η reaches the failure value, A′ values rapidly decrease
to A′ = 0. The deformation behavior of the hydrate-bearing sediments characterized by
the pore pressure coefficient A′ makes a great agreement with that by dilatancy rate D [13].
It is concluded that the dilatancy rate and pore pressure coefficient are consistent in the
description of the dilatancy and contraction behavior of hydrate-bearing sediments based
on the fact that the pore pressure change in undrained tests is interrelated to the volume
change in drained tests [45].

Typical stress ratio versus strain and pore pressure versus strain curves of hydrate-
bearing sand and clayey-silt sediments in triaxial compression undrained tests can be
plotted in Figure 13. The solid lines are the hydrate-bearing sand samples showing a
post-peak behavior. The dash lines are denoted as the hydrate-bearing clayey-silt specimen.
Although it exhibits strain-hardening behavior, the η f with pore pressure increment is 0
is not Mcs which is different from the specimen without hydrate. However, the ultimate
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state of hydrate-bearing clayey-silt sediments needs more triaxial compression tests to
be confirmed.

Figure 12. Stress ratio η versus A′ value relationship of sand sediments with (a) Sh = 0%,
(b) Sh ≈ 30%, and stress ratio η versus A′ value relationship of clayey-silty sediments with
(c) Sh = 0%, (d) Sh ≈ 30%.

Figure 13. Typical mechanical characteristics curves for different hydrate-bearing sediments in
triaxial compression tests under undrained conditions.
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5.5. Comparison of Different Types of Pore Pressure Coefficient

A secant type coefficient A refers to a state from an initial value to a final value
reflecting whether the volume deformation is compression or expansion compared with
the initial state, while a tangent type coefficient A′ is defined as an instantaneous change
tendency at a point in which A′ < 0 signifies dilation tendency, whereas A′ > 0 indicates
contraction tendency. Although the initial value and final value of A and A′ are different
as shown in Figures 7 and 13, they both could describe the process of deformation behavior
in term of the aforementioned relationship between the pore pressure response and the
change in p′. Therefore, it is necessary to select secant type or tangent type in combination
with the problems in specific practical projects.

Although the two types of pore pressure coefficients discussed above have advantages
not only in characterizing the process of deformation behavior of hydrate-bearing sediments
in laboratory tests and field measurements by determining the A or A′ value (i.e., a value
of A > 1/3 indicates that sediments occur compression deformation, while a value of
A < 1/3 corresponds to a dilatancy deformation) but also in reflecting the combined effects
of the hydrate and the effective confining pressure on hydrate-bearing sediments, this still
needs a further improvement combined with natural hydrate-bearing sediments.

6. Conclusions

To investigate the interrelationship between the characteristics of pore pressure coef-
ficient A response and the process of volume change of hydrate-bearing sediments. The
effects of hydrate saturation and effective confining pressure on the characteristics of pore
pressure coefficient A of different hydrate-bearing sediments are explored systematically
based on the published triaxial undrained test data. Furthermore, differences in the A
value response between hydrate-bearing sand and clayey-silt sediments are discussed and
analyzed. Main conclusions are as follows:

1. For hydrate-bearing sediments, increasing hydrate saturation hinders the consolida-
tion process, leading to a higher value of the pore pressure coefficient A at small strain
stage. This effect becomes much more obvious when the effective confining pressure
increases for hydrate-bearing sand sediments but barely changes for hydrate-bearing
clayey-silt sediments. Increasing hydrate saturation leads to decreasing A values at
failure both within hydrate-bearing sand and clayey-silt sediments. The change in
A values at failure with increasing effective confining pressure is not monotonic for
hydrate-bearing clayey-silt sediments, however, A values at failure hydrate-bearing
sand sediments increase with increasing effective confining pressure.

2. Pore pressure coefficient A of hydrate-bearing sand sediments firstly goes beyond
1/3 and then becomes lower than 1/3 at failure, even lower than 0. While that of
hydrate-bearing clayey-silt sediments is always larger than 1/3 when the effective
confining pressure is high (e.g., >1 MPa). However, when the effective confining
pressure is small (e.g., 100 kPa), pore pressure coefficient A of hydrate-bearing clayey-
silt sediments behaves similar to hydrate-bearing sand sediments but always bigger
than 0.

3. How the pore pressure coefficient A changes with hydrate saturation and effective
confining pressure is inherently controlled by the alternation of effective mean stress p′.

This study builds a bridge between pore pressure and effective mean stress, which has
a great potential to predict the volume change of hydrate-bearing sediments only by the
pore pressure coefficient A under undrained condition.
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Abbreviations
A pore pressure coefficient A
A f coefficient A at failure
Amax maximum value of coefficient A
B pore pressure coefficient B
D dilatancy rate, equal to dε

p
v/dε

p
q

e0 initial void ratio
Mcs critical state stress ratio
P′0 initial effective confining pressure
p mean stress, equal to (σ1 + 2σ3)/3
p′ mean effective stress, equal to

(
σ′1 + 2σ′3

)
/3

q deviatoric stress, equal to σ1 − σ3
Sh hydrate saturation
T temperature
∆u excess pore pressure
ε

p
v plastic volumetric strain

ε
p
q plastic deviatoric strain

η stress ratio, equal to q/p′

σ1 major total principal stresses
σ′1 major effective principal stresses
σ3 minor total principal stresses
σ′3 minor effective principal stresses
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